From its introduction into the literature, the idea of haplotype map-based linkage disequilibrium (LD) studies has been the subject of disputes. These queries involve the extent to which the haplotype blocks exist, the validity of fundamental concepts such as the recombination hotspot, and the application of this idea in the form of the HapMap project. In this article, we review the relevant literature to evaluate the potential importance of haplotype maps for psychiatric genetics. We first take a closer look at the nature of haplotype blocks and then address the impact of block definitions and methodological factors, such as singlenucleotide polymorphism density and sample size, on findings from haplotype block studies. After distinguishing between two types of haplotype map-based LD studies, we discuss the importance of the recombination hotspot and the nature of the disease mutations affecting complex traits. In the final section, we summarize our main conclusions and comment on the usefulness of haplotype maps for finding genes.
Introduction
There may be over 5 million single-nucleotide polymorphisms (SNPs) with a minor allele frequency greater than 0.1 in the human genome. 1 This abundance gives geneticists the possibility to scan chromosomal regions for disease mutations on a very fine scale. Fortunately, due to linkage disequilibrium (LD), the nonrandom association between alleles at different loci, it will not be necessary to type all these SNPs. 2 Within high LD regions, allelic dependence yields redundancy among markers and improves the chances of establishing the approximate location of the disease mutation without actually typing it. The question as to how far such usable levels of LD extend in the human genome has been the subject of considerable attention. [3] [4] [5] Recently, there has been a shift from quantifying usable levels of LD to studying the structure of LD. Although we should mention that they have been criticized, it is useful to first present the conclusions of the initial studies in some detail. Jeffreys et al 6 studied 216 kb of the MHC II complex in the sperm of 50 British males. Their analyses revealed the existence of extended domains of strong LD interrupted by patchwork areas of LD breakdown. The great majority (94%) of the recombinations in the MHC region fell in the low LD regions. This suggested that recombination hotspots had caused the block-like pattern of LD the authors observed. Further developing the concept of the LD block, Daly et al 7 analyzed 103 common (45% minor allele frequency) SNPs in a 500-kb region on chromosome 5q31, that were genotyped on 129 parents-offspring trios to identify mutations for Crohn's disease. 8 They found that the region could be divided into blocks that spanned approximately 10-100 kb. Within each block, 2-4 haplotypes accounted for 80-95% of the haplotypic variation in their sample. A high pairwise LD is generally caused by a low haplotype diversity, and low LD is generally caused by high haplotype diversity. Their results were therefore consistent with those reported by the Jeffreys et al. 6 Finally, Patil et al 9 studied 20 biological haplotypes from an ethnically diverse sample. A total of 24 047 common SNPs (minor allele occurred more than once) were typed spanning 32.4 Mb of chromosome 21. Their analysis also revealed extended blocks with very low haplotype diversity. The average observed block length was 7.8 kb, but the longest block stretched more than 115 kb and contained 114 SNPs. An idealized representation of the structure that emerged from these studies is shown in Figure 1 . This structure suggests an efficient approach for LD studies. That is, the disease mutations will have been introduced in the population on a specific haplotype. Knowledge of the haplotype structure would therefore make it possible to type the minimum number of SNPs that would be needed to uniquely tag all the haplotypes to search for disease muations. 10 The use of the so-called haplotype tag SNPs (htSNPs) has two advantages. First, it would guarantee that a majority of the haplotypic variation is captured. For a random selection of evenly spaced SNPs, this may not be the case. Some haplotypes could be tagged by multiple SNPs and others may not be tagged at all. Second, because the htSNPs are a subset of all SNPs, it would reduce the amount of genotyping needed to scan chromosomal regions. For example, Johnson et al 10 found that 2-5 htSNPs could be used to define the six or fewer common haplotypes (frequency 45%) in the nine genes they studied. This reduced the amount of genotyping from 122 to 34 SNPs (27%). Patil et al 9 reported that merely 4563 of the original 24 047 SNPs were needed (19%) to capture 80% of the haplotypic variation.
If recombination hotspots are the predominate mechanisms underlying haplotype blocks, one would expect the block boundaries to be at similar chromosomal positions in different populations. Gabriel et al 11 characterized haplotype patterns across 51 autosomal regions spanning 13 megabases of the human genome in samples from Africa, Europe, and Asia. In accordance with the above studies, they found that, within each block, 3-5 common haplotypes captured about 90% of all chromosomes in each population. In addition, the boundaries as well as the haplotype composition of the blocks appeared to be similar across populations. This finding seemed consistent with observations that, at least in European samples, patterns of LD are correlated. 12 These results suggested the possibility of constructing general haplotype maps for the human genome.
11 Such pre-existing knowledge of the common haplotypes and the SNPs that tag them would be an enormous resource for future LD studies. The National Human Genome Research Institute (NHGRI) has therefore launched the HapMap project (http://www.genome.gov/ page.cfm?pageID¼10001688), an initiative to construct haplotype maps of the whole human genome. The project is estimated to take 3 years to complete and cost $100 million.
However, a number of assumptions and assertions of the haplotype map-based LD studies have been challenged by other members of the field. This involves fundamental points such as whether recombination hotspots are the primary mechanism for the block-like pattern of LD. 13 The extent to which haplotype blocks exist in the genome is another controversial issue. Phillips et al 14 studied the block structure of chromosome 19 using 80 founder chromosomes from 10 CEPH pedigrees. Their median marker spacing was one marker per 5.5 kb, with a mean spacing of one marker per 17.65 kb. They reported that merely one-third of chromosome 19 was encompassed within haplotype blocks. Finally, the application of the haplotype maps in the form of the HapMap project has been subject to criticism. 15, 16 This involves issues such as whether the same haplotype maps can be used in different populations and whether the mutations for complex diseases can be expected to be located on cosmopolitan haplotypes.
In this article, we review the relevant literature to evaluate the potential importance of haplotype maps for psychiatric genetics. We first take a closer look at the nature of haplotype blocks and then address the impact of block definitions and methodological factors, such as SNP density and sample size, on findings from haplotype block studies. After distinguishing between two types of haplotype map-based LD studies, we discuss the importance of the recombination hotspot and the nature of the disease mutations affecting complex traits. In the final section, we summarize our main conclusions and comment on the usefulness of haplotype maps for psychiatric genetics.
Blocks as a model for LD
It is unlikely that blocks are discrete entities with clear-cut boundaries. First, the recombination hot-'spot' is a region rather than a single base pair boundary. Jeffreys et al 6 counted recombinations in male sperm and found that the hotspots at which the vast majority of crossovers occurred spanned on average a 1-2 kb region. Templeton et al fully sequenced 9.7 kb from the human lipoprotein lipase gene in 71 individuals. Their statistical analyses revealed also that the recombination events were concentrated into a 1.9 kb region.
A second reason why block boundaries cannot be clear-cut is that the sizes of the conserved ancestral haplotypes in a given region may differ (Figure 2 Figure 1 Haplotypes are an allelic configuration of multiple markers that are present on a single chromosome of a given individual. Recombination will break up haplotypes when they are passed on to the subsequent generation. The size of ancestral haplotypes will therefore have been reduced considerably after many generations. However, if recombinations are more likely at specific locations or recombination hotspots, a block structure will arise. If within a block there have been no or few recombinations, variations within blocks will mainly be caused by mutation. As a result, it will be possible to characterize a large percentage of the subjects by a few common haplotypes which are parts of ancestral haplotypes that are conserved in the general population. The disease mutations will occur or have been introduced in a population on a specific haplotype background. Instead of testing all SNPs, it suffices to test only those SNPs or combination SNPs that uniquely tag one of the common haplotypes. For example, only four of the six SNPs are necessary to capture the haplotypic variation in the second block, because none of the haplotypes has the same allelic pattern on those htSNPs.
recombination occurs, only one recombinant haplotype will be passed on to the subsequent generation. Multiple recombinations will therefore be required to clearly separate a region into blocks. However, the number of generations since human populations were 'founded' is finite. Therefore, there may simply have not been enough time for all those recombinations to occur and break up every region in the genome into discrete blocks. This could be aggravated by the fact that the rate of recombination varies across hotspots, so that some of them will have a low intensity. 6 Furthermore, a wide variety of demographic and populations' genetic phenomena can counteract the effects of recombination. Examples are that recombinant haplotypes can be lost because of random drift, 13 and that a favorable or deleterious mutation can reduce haplotypic variation as a result of natural selection. 17 The notion that a region may consist of haplotypes of varying sizes where some are recombinants and others are not seems supported by empirical findings. Daly et al 7 observed that 38% of the chromosomes could be assigned to one of four ancestral long-range haplotypes that spanned their whole 500-kb region, thereby causing LD between blocks. Long-range LD beyond the confines of blocks was also observed in the HLA region. 18 A detailed analysis of the human lipoprotein lipase gene also revealed a mix of recombinant and nonrecombinant haplotypes. [19] [20] In a series of papers, Morton and Collins et al [21] [22] [23] developed a method for constructing LD maps. LD maps are conceptually similar to linkage maps. Map distance is small in regions with extensive LD, and is large in regions where LD is low. The authors applied their method to several data sets. When they plotted the physical distance between adjacent markers against LD map distance (LD units), a general pattern seemed to emerge (Figure 3) . The plots tend to show plateaus where LD map distance is close to zero. This seemed to suggest regions of low haplotype diversity or an LD block. These plateaus are alternated with steps in LD that imply a large LD map distance or low LD. The plots are, however, not perfect step functions where within the block LD units are zero, and between blocks there is an abrupt change to the next plateau. Instead, plateaus may show small increases in LD units and the transitions to the next plateau may be more gradual. Blocks should therefore not be viewed as discrete entities with clear-cut boundaries, but as models that try to capture the main features of the LD pattern. Inherent to representing data by a model is that there may not be a single and objective way to do so. Multiple representations may therefore be possible for the block structure in a given genomic region, where depending on the goal some may be more suitable than others. Furthermore, models can fit poorly and for some regions blocks could fail to capture the essential features of the LD structure.
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Finding blocks
Blocks have either been defined using pairs of SNPs or multi-SNP haplotypes. Due to a lack of commonly accepted criteria, there has been considerable variation in the application of these two methods. Features of the study such as SNP density and sample size are also known to affect the block size, percentage of a chromosome that can be encompassed within a block, and haplotype diversity. This variability makes it difficult to compare results from haplotype block studies. In this section, we discuss the different methods to help interpret the empirical findings.
Recombinations are an important determinant for the LD in a region and therefore play a (implicit) role in many block definitions. The presence of a recombination may, for instance, be used to mark a block boundary 24 or the absence of a recombination inferred from a low haplotype diversity. 7 From a disease-mapping point of view, recombinations tend to disseminate the disease mutation to other haplotypes ( Figure 4 ). The presence of the disease mutation on multiple haplotypes hampers its detection in an association study. This is because the different disease mutations carrying haplotypes would tend to cancel out each other's signals. 25 It is therefore important to realize that the use of liberal vs conservative criteria to define blocks does not merely affect the accuracy and the extent to which LD along the genome can be captured in a block model. It also affects the power to detect disease mutations in a haplotype map-based LD study, because these criteria affect the probability that the disease mutation is present on multiple haplotypes.
SNP density and sample size
One SNP with allele frequency larger than 0.1 is expected to occur at every 0.6 kb of the DNA sequence. 1 All haplotype block studies have typed only a selection of such common SNPs. With a selection of SNPs, it is not possible to distinguish all haplotypes and historic recombination events will be missed (Figure 4) . 24, 26 Wang et al 24 , through simulation, found that a coarse map may overestimate the block size. Depending on the local recombination rate, the authors advised a density of about 2 SNPs per kb to 1 SNP per 2 kb to recover the true block structure. It should be noted that their simulation model included no contribution from hotspots, and is known to predict substantially less LD than is typically observed in human populations. It could therefore overestimate the required density. Sample size is another factor that affects the derived block structure. Due to sampling error, common or recombinant haplotypes may not be present in the sample that is studied. Block size may be biased upwards as a result of that. Simulations suggest that a sample size of at least 100 chromosomes should be used in haplotype block studies. 24 This number agrees well with simple calculations, based on the binomial distribution showing that sampling a total of 100 haplotypes ensures a high probability (40.95) of finding haplotypes with a frequency of about 5%.
Haplotype block definitions
Studies that used pairs of SNPs typically define a block as a contiguous set of SNPs in which the average LD is greater than some predetermined threshold. The most commonly used LD measures are |D 0 | 27 and r
2
. Both measures range from zero to one, where zero indicates no LD and one complete LD. For many purposes, r 2 , the squared correlation coefficient for the 2 Â 2 table of the two alleles of the two SNPs, may be the better measure. 2, 28 Although it has occasionally been used for this purpose, it may not be the best LD measure for defining haplotype blocks. Within a block, as defined in the strictest sense (eg blocks 1 and 2 from Figure 1 ), there has been no recombination and nonrecurrent forward mutation is the only source of variation. In this case, only three of the four possible allelic combinations will be observed for every pair of SNPs within the block: 1,1; 2,1; and either 1,2 or 2,2. However, r 2 can only be one if two of the four combinations are observed, implying that the two alleles always occur on the same haplotype. We simulated 80 four-marker haplotypes using the coalescent process [29] [30] [31] with code downloaded from the Hudson lab home page. All the four markers had minor allele frequencies larger than 0.1, and were evenly spaced with a density of approximately SNP/5 kb. The results showed that 10% of the observed r 2 's was less than 0.04, and that about 30% was less than 0.12. Thus, even for a region which is a block according to the strictest definition, r 2 will often be close to zero, making this measure less suitable for studying haplotype blocks. D 0 may be a better LD measure for defining haplotype blocks. Its sign depends on the arbitrary coding of the alleles, and it is therefore customary to Figure 4 Three conserved ancestral haplotypes (1-3) plus 2 recombinants (4-5) are shown. Typically, only a selection of the SNPs (boxes) is typed to define the block structure. Despite the different ancestral haplotypes and multiple recombinations, an analysis of the three SNPs would suggest a block with perfect LD between all markers and only two (2,1,1 and 1,2,2) haplotypes. The asterisk denotes the disease mutation that originally appeared on the red haplotype. Due to recombinations, the disease mutation is now also present on the two recombinants. In this case, the disease mutation would be present in both groups of observed (2,1,1 and 1,2,2) haplotypes.
report the absolute value |D 0 |. This absolute value will be one if three of the four allelic combinations are observed. 10, 28 For example, |D 0 | is one for all SNP combinations within blocks 1 and 2 from Figure 1 . To find blocks defined in the strictest sense, all pairwise values of |D 0 | should be one in the whole region. This is in essence also the criterion used by Wang et al, 24 who defined a block as a region bounded by recombination events, as detected by the presence of all the four allelic combinations. Lower thresholds would increase the already existing bias of undetectable recombinations (Figure 4 
There are factors that may cause |D 0 | to be less than one even if the block model is correct. One example is genotyping errors. Allowing for 2% genotyping error in our simulations, a threshold of 1 would identify merely 55% of the true blocks. In this case, lowering the threshold to 0.9 would recover over 97% of the true blocks. It could also be argued that block definitions should allow for recurrent mutation, backward mutation, and possibly gene conversion. All these factors would decrease |D 0 |. For example, there is some evidence for mutation hotspots 32 and, by allowing for two recurrent mutations, all |D 0 | measures for block 3 in Figure 1 drop to zero. The impact of these factors depends on their prevalence. They will have a more limited effect on the LD in the region than recombination, because LD will remain one for the unaffected SNPs. However, these factors do justify the use of a lower threshold to avoid missing true blocks, although little is known about which threshold would give a reasonable balance between detecting true and false blocks.
The second method derives blocks using multi-SNP haplotypes. Definitions are typically based on the concept of 'chromosome coverage' with a haplotype block containing a minimum number of SNPs that account for a majority of common haplotypes, 9, 33 or a reduced level of haplotype diversity. 7 The link with LD-based definitions is that low haplotype diversity is associated with increased LD. The nature of chromosomal coverage definitions is somewhat more practical. It is directly stated in terms of the eventual goal of minimizing genotyping while maximizing information content, and does not contain an explicit reference to the structure of the LD. It should be noted that it is possible to derive htSNPs using only pairwise LD measures without any reference to the LD structure, 34 so this is not a fundamental difference. Little is known about how multi-SNP haplotype methods compare to LD-based methods for block definition. Intuitively, one would expect haplotypebased methods to be less sensitive to factors that lower LD. but are consistent with the block model. For instance, genotyping errors would often result in rare haplotypes, but because these procedures focus on common haplotypes it would have a smaller impact on the analyses. Also, there is no need to account for recurrent mutations because the allelic configuration of the haplotypes does not directly affect the threshold. Potential disadvantages are that haplotypes need to be estimated statistically or derived biologically, which may not always be possible and could be a source of error. Furthermore, because the allelic configuration is not considered, recombinations might be missed.
Do blocks exist?
To study haplotype blocks, dense SNP maps (1 SNP/ 1-2 kb) with a sample of at least 100 chromosomes seem required, where perhaps multi-SNP haplotypes instead of pairwise LD measures are used. Furthermore, conservative block definitions could be preferred to obtain good estimates of the size and location of the blocks, and avoid the event that (undetectable) recombinations within a block disseminated the disease mutation to multiple haplotypes. Few of the current haplotype block studies satisfy these criteria. Studies with larger sample sizes have typically used coarser maps such as SNP/5, 7 SNP/ 7.8 kb, 11 and an average of SNP/17 kb or a median of SNP/5.5 kb.
14 Other studies have used a dense map, but in a small sample such as SNP/1.3 kb with 20 chromosomes. 9 It is difficult to oversee the implications of all the different operational definitions that have been used. Our simulations did suggest that changes in criteria can have a serious impact on the results. We found that, in addition to the already existing bias caused by undetectable recombinations, the use of |D 0 | values lower than 1 will further overestimate the number/ size of the blocks. It is therefore possible that studies that used more liberal criteria have overestimated block sizes and underestimated haplotype diversity. Indeed, studies that have sequenced whole genes in larger samples tend to show a rougher picture. 32, 35 In other cases, a relatively coarse map in combination with additional requirements such as that a block should comprise at least three SNPs 14 might have underestimated the extent to which smaller blocks describe the LD in certain chromosomal regions. The lack of conclusive large-scale empirical studies and the limited understanding of the implications of different operational definitions make it very difficult to draw firm conclusions about the extent LD across the human genome can be described with a block model.
Although it is unclear how widespread they are, it seems fair to say that haplotype blocks do exist. Johnson et al 10 typed 122 SNPs in a total of 135 kb of DNA from nine genes. Their sample consisted of a minimum of 384 individuals for each gene. Their results indicated a limited haplotype diversity for the genes they studied. Other examples can be found where studies of individual genes suggest a block structure in a large sample with a relatively dense SNP map. 36 
General vs self-constructed maps
Two types of applications of haplotype maps are conceivable. The type that has received most attention is the one as envisioned in the HapMap project. Here, the aim is to construct a general map to be used by other researchers, who would only need to type the htSNPs in their samples to test whether disease mutations are present on one of the common haplotypes. The assumption of this approach that has received a lot of criticism is that the location and haplotype composition of the blocks are similar in different populations. 15, 16 There is some empirical support for this generalizability. Although block sizes were different in European and Asian vs African and African-American samples, one study found that the boundaries of the blocks tended to correspond in these ethnic groups. 11 Another study in a multiethnic sample found evidence for cosmopolitan haplotypes. 9 These studies considered common SNPs (minor allele frequency 410-20%) and common haplotypes (minor haplotype frequency 45-10%). As high-frequency SNP polymorphisms and haplotypes are older, they are much more likely to be shared by different populations. 2 These studies therefore suggest that, for common haplotypes that were possibly established prior to the recent diversification of mankind, it may be possible to apply the same map to different populations.
At the same time, a wide variety of demographic and population genetic phenomena can affect the LD and haplotype structure. Examples are the LD breakdown as a function of the number of generations, genetic drift, population growth, admixture or migration, population bottlenecks, and natural selection. So the relatively low LD in African populations may partly be the result of the antiquity of these genomes, 37 and the higher LD in populations such as Finland by the fact that a small founder population some 100 generations ago may have expanded into 5.1 million people today. 38 Another empirical example involves natural selection. A study of the MHC class II region revealed that the haplotypes were largely population-specific. 39 Interestingly, the LD block structure was remarkably constant in the three populations that were studied. This suggested that the recombination hotspots known to be located in this region must have been sufficiently active to shape the patterns of LD in a relatively short period. In general, simulations suggest that, even if recombination hotspots are the rule, patterns of LD are still likely to show differences among populations and among genomic regions. 40 Instead of relying on an existing map, a second type of application consists of first typing SNPs at high density in a small subset of the sample to create a haplotype map for the sample under consideration. In the next step, the htSNPs derived in the first step would be typed in the rest of the sample to test for disease-marker associations. This would ensure that most of the haplotypic variation in the sample is captured and that in the bulk of the sample the genotyping is minimized. Although that would probably further increase the power to detect disease mutations, for this approach, it does not seem crucial to assume that LD is shaped by hotspots. Zhang et al 41 simulated haplotypes assuming that recombinations were randomly distributed, and studied the statistical power to detect a disease mutation for three kinds of data: (1) all of the SNPs and the corresponding haplotypes, (2) the tag SNPs and the corresponding haplotypes, and (3) the same number of randomly chosen SNPs as the number of htSNPs and the corresponding haplotypes. Their results indicated that the genotyping efforts can be significantly reduced by the htSNPs, without much loss of power. They found, for instance, that, when the identified htSNPs were approximately 14% of all the SNPs, the power is reduced by approximately 9%, compared with a power loss of approximately 21% when the same number of randomly chosen SNPs was used. Thus, these results suggest that, even in the most conservative scenario where recombination is random, most of the haplotypic variation in the sample can be captured with only a fraction of the SNPs, and that using these htSNPs would give more power compared to a random selection of the same number of markers in the region.
It is also important to note that, for these selfconstructed maps, the issue of generalizability of haplotype maps across populations is irrelevant. This is because the map is used in the same sample as in which it was derived. In addition, these maps offer more flexibility and could be tailored to the purpose of the study. There may, for instance, be situations where a map with only common haplotype maps is not sufficient and tagging rare haplotypes is important. 18 Finally, with the self-constructed map, it is possible to assess how well the haplotype block model captures the LD patterns, and make adjustments for regions where the derived haplotype block models seems to fit poorly.
Two important determinants of success
Recombination hotspot
The recombination hotspot plays an important role in discussions about haplotype maps for three reasons. First, recombination hotspots produce the block structure that would enable geneticists to scan the genome very efficiently using htSNPs. This does not exclude the possibility that other forces may also produce block-like patterns. Even if the location of the recombination is completely random, due to the genetic drift, some recombinations will have disappeared, leading to apparent regions with low recombination rates. Other recombinations might appear many times, as they are inherited by multiple chromosomes leading to apparent hotspots. Such effects of genetic drift may be substantial. Simulations by Zhang et al 13 showed that, in a population with an effective population size of 10 000, all chromosomes in the population were descendants from less than 100 ancestral chromosomes at the 2000th generation. However, these authors also noted that such driftgenerated blocks were more ragged compared with blocks that arose from hotspots, suggesting that the htSNPs approach might still work better in the presence of recombination hotspots.
Second, if recombinations would tend to occur at the same chromosomal locations, it would be more likely to observe the similar block patterns in different populations. Although this may not guarantee that each block would comprise the same haplotypes, it would probably help applications such as the HapMap project that aims at constructing general haplotype maps to be used in different populations. In contrast, if genetic drift would be the prevailing mechanism for haplotype blocks, more variation in block positions and haplotype composition would be expected across populations.
Third, due to factors such as SNP selection and sampling error, not all recombinations will be detected. If recombination hotspots caused the block pattern, then the undetected recombinations would be located near the detected recombinations and not in the region between the detected recombinations. Thus, it would be more likely that the block boundaries are estimated correctly and that there are no undetected recombinations within the observed block. This is important for LD studies. Undetected recombinations within a block could have disseminated the disease mutation to other haplotypes, making it more difficult to detect them in an association study because the different disease mutation carrying haplotypes would tend to cancel out each other's signals (Figure 4) . 25 There is little doubt that recombination hotspots exist. They have been reasonably well documented in yeast 42 and studies in mice support their existence too. 43 Several studies in humans have also observed hotspots or inferred them from statistical analyses of haplotypes. 6, 32, 44 However, it is not clear how prevalent recombination hotspots are in the human genome. 45 In yeast, there are indications that clusters of essential genes are in regions of low recombination. 46 This is an encouraging finding because it suggests that the block model could be appropriate for coding regions. However, the extent to which this applies to the human genome and genes that affect complex diseases is unknown. Furthermore, it is not clear whether regulatory variation, important for affecting the level or pattern or expression of the gene, that may be tens or even hundreds of thousands of bases from the transcription unit, 47 is also more likely to be in regions of low recombination.
Common vs rare disease variants
The nature of the disease mutations is important for the success of haplotype map-based LD studies. One idea is that the genetic risk for common diseases will often be due to disease-predisposing alleles with relatively high frequencies. That is, there will be one or a few predominating disease alleles at each of the major underlying disease loci. [48] [49] [50] There are several examples of genes for which this common disease/ common variant (CD/CV) hypothesis is applicable. 51, 52 Population-based methods of gene discovery such as association studies detect common variants. It is therefore not clear whether the common variants category is over-represented because they are easier to find with the current methods.
The alternative hypothesis is that complex diseases are caused by multiple variants in a gene. 53 From a theoretical perspective, mutation and gene conversion are not negligible over a large number of generations. Therefore, allelic heterogeneity is likely for a large population. Multiple examples of genes with many mutations exist. 54 Theoretical predictions are somewhat, but not entirely, encouraging. If current mutation rate predictions for complex disease loci are in the right range, then it seems that loci with intermediate frequencies are not expected to have devastating levels of allelic heterogeneity. But the levels of heterogeneity might still be problematic in many cases. 55 Will haplotype maps be useful for finding genes?
Although it is unlikely that blocks are discrete entities with clear-cut boundaries, there is evidence that LD in parts of the genome can be modeled via a block structure. Block definitions as well as features of the study such as SNP density and sample size are important to obtain accurate estimates of the block size, percentage of a chromosome that can be encompassed within a block, and haplotype diversity. Due to the lack of conclusive empirical studies, it is less clear how much of the LD patterns across the genome can be described by the block model.
Recombination hotspots would (1) create a clear block structure, (2) make it more likely that similar haplotype maps will be observed in different populations, and (3) make it less likely that the disease mutation will be on multiple haplotypes within a block. In general, knowing the amount of LD and the common haplotypes in each region is likely to benefit association studies. However, recombination hotspots will be important for the amount of success of the haplotype block framework. This is because driftgenerated blocks seem more ragged compared with blocks that arose from hotspots, 13 suggesting that the htSNPs approach might work better in the presence of recombination hotspots. Furthermore, if block patterns and common haplotypes are not similar across populations, this will be a problem for applications such as the HapMap project that aims at constructing general haplotype maps to be used in multiple populations. Finally, association studies will be less successful if the disease mutation is present on multiple haplotypes within a block, because the different disease mutations carrying haplotypes would tend to cancel out each other's signals. 25 Although there is little doubt that they exist, more research will be needed to determine how widespread recombination hotspots are across the genome.
The answer to the question whether haplotype maps will be helpful in finding genes for psychiatric conditions depends partly on the type of application one has in mind. In its most modest form, a researcher would type SNPs at high density in a small subset of the sample to create a haplotype map for his/her own sample. In the next step, the htSNPs derived in the first step would be typed in the rest of the sample to test for disease-marker associations. Compared to typing evenly spaced markers, this approach would ensure that most of the haplotypic variation in the sample is captured and that in the bulk of the sample the genotyping is minimized. The increase in power to find disease mutations will depend on the extent that the LD in the region is consistent with the block model, but, even in regions where recombinations are randomly distributed, a gain in power may be expected. 41 Flexibility is another important advantage of self-constructed maps. For instance, tagging only the common haplotypes may not always be sufficient, 18 and it could be useful to further study regions where the LD structure is poorly captured by the derived block model. A possible limitation is that the statistical machinery for constructing haplotype maps and performing haplotype map-based association studies is still being developed. For example, it is not clear what the optimal criteria are for block definition.
This haplotype map approach would work best for detecting disease variants that are common in the sample that is studied. Diseases that are caused by mutations that arose on multiple haplotype backgrounds present a problem. However, this is not a specific limitation of haplotype map-based LD studies. It will seriously hamper any association study, so that a different kind of approach may be needed. 54 From the viewpoint of experimental design, in these instances, it may be more appropriate to sequence large numbers of individuals in search of all the lowfrequency variants. 55 The use of an existing map avoids the effort and costs associated with haplotype map construction. To what extent the above-mentioned advantages of selfconstructed maps can be achieved will depend on a number of additional assumptions. The most crucial one is generalizability of haplotype maps across populations for which there is some empirical evidence. 11 The widespread existence of recombination hotspots would make this more likely. However, even if recombination hotspots are the rule, patterns of LD are still likely to show differences among populations and among genomic regions. 40 It seems reasonable to assume that the use of existing haplotype maps will mainly capture haplotypes that were probably established prior to the recent diversification of mankind. This could further limit the set of disease mutations that could be detected in an association study to those that are old and arose one of the cosmopolitan haplotypes. The HapMap project is constructing haplotype maps for populations from the US, East Asia, and West Africa, and is also committed to examining the need for constructing maps for other populations. Presumably, this will reduce some of the dependence of the map on cosmopolitan haplotypes. However, the degree of similarity in haplotypic variation between different subpopulations within each of these populations, such as West Africa, is unknown. Compared to selfconstructed maps, the success of the HapMap project will, however, depend on a more strict form of the of the CD/CV hypothesis.
One of the goals of the public HapMap project is to make whole-genome association scans possible. Constructing a haplotype map for the whole genome would currently be impossible to achieve for an individual researcher, and the HapMap project does therefore make these studies more viable. It should be realized that, to capture the haplotypic variation within each block, multiple SNPs are required. In addition, a non-negligible percentage of the genome consists of relatively small 'singleton' blocks (eg o10 kb). Including these small blocks, the latest estimates suggest that, for a genomewide scan, still 350 000 SNPs may be needed to recover 50% and 525 000 SNPs to recover 80% of the haplotypic variation. 56 This corresponds with what has been considered conservative estimates of the number of SNPs needed for a whole-genome LD scan. 4 The explanation is that the earlier calculations assumed that only a single SNP would be typed in regions that show useful LD. The haplotype map model has brought along the insight that because in such LD regions there may be multiple haplotypes, a single SNP will not capture all the genetic variation. The gain of using haplotype maps seems therefore more pronounced with respect to capturing genetic variation, than reducing the number of markers needed for an LD study.
Calculations suggest that neither sample size nor controlling the false discoveries will present major problems for whole genome scans but, as judged by present-day standards, the amount of genotyping will still be very large. 57 The use of a multiple stage design, where only markers that reach a certain level of significance in a small subsample are typed in the rest of the sample, will generally result in a large (50-75%) reduction in genotyping. 58 However, even when a study would be completely designed to minimize the genotyping with a multiple stage design, a 500 000 marker scan would still require 50-100 million genotypes. The problem is the first stage of such scans, because then all 50 000 SNPs need to be typed. This stresses the need for efficient genotyping technologies such as DNA pooling, 59 or the use of a standard (set of) chips could then be used to make a first selection of the markers.
Haplotype blocks clearly represent a step forward in optimizing association studies. It has directed the attention to the potential importance of LD patterns and resulted in the development of techniques for maximizing the genetic information with a minimum number of SNPs. Even if recombination hotspotgenerated haplotype blocks would not be widespread throughout the genome, the use of self-constructed haplotype maps is likely to improve the power of association studies. General public haplotype maps have the potential to further facility LD studies that are aimed at identifying more cosmopolitan disease mutations. This will be very important to advance our genetic knowledge of complex diseases. However, they will only do so if more strict conditions hold. Currently, the empirical data that are required to evaluate these conditions are lacking, so that time will need to tell to what extent this potential of public haplotype maps can be realized.
